magnesium, boron, and barium. Davy is also well known as the person responsible for developing the miner's safety lamp.
There is an extensive literature on Davy. A readable introduction is Hartley's (8) . The biography by Knight (10) is more detailed and contains useful citations to primary sources. Treneer (17) wrote another biography with an emphasis on Davy's relations with other people including his wife and also Faraday. Partington (12) is authoritative on his chemical research. Davy's collected works are available (6) .
Early Years
Davy was born in Penzance, Cornwall near the extreme southwestern tip of England. When he was 9 years old, his family moved away and he was put in the charge of his godfather, John Tonkin, who was an apothecary-surgeon. Davy did not excel at school and always regarded himself as basically self-educated. After his father's death, Davy was apprenticed to John Borlase, another apothecary-surgeon. This man had a dispensary and Davy liked to tinker there with chemicals. It is said that his friends complained that he might blow them all up.
When Davy was 19 read he Lavoisier's Traité élémentaire de chimie, probably in an English translation. The book was considered revolutionary at the time because of its clear classification of the known elements. Davy was particularly interested in Lavoisier's views on heat, which was regarded there as a weightless element called "caloric." In a well-known experiment, Davy took two pieces of ice and rubbed them together to produce water by melting. He saw this as disproving Lavoisier's theory because no substance could have been added in the process.
The next chapter in Davy's life begins with the oft-quoted anecdote that Davis Giddy (who later changed his name to Gilbert), a well-connected man with scientific interests, saw Davy swinging on the half-gate of Dr. Borlase's house. Gilbert was impressed by the young boy, allowed him to use his library, and introduced him to a Dr. Edwards who lectured in chemistry at St. Bartholomew's Hospital in London. Edwards encouraged Davy to use the equipment in his laboratory and this was a catalyst in Davy's developing a love of science.
In addition to his scientific interests, Davy enjoyed literature and painting. He wrote several poems at this time and at least three of his paintings still survive. One of his poems, written when he was only 17, presages his scientific curiosity. Here is one stanza:
To scan the laws of Nature, to explore The tranquil reign of mild philosophy; Or on Newtonian wings sublime to soar Thro' the bright regions of the starry sky (14) Five of his early poems were included in an anthology of Bristol poets (9) . Although he moved on from writing poetry, Davy maintained strong literary connections and had friendships with eminent poets of the Romantic Movement including Samuel Taylor Coleridge, William Wordsworth, and Robert Southey. His influence on Wordsworth has been documented (9) .
The Pneumatic Institution
This interesting organization was formed to exploit the use of the recently discovered respiratory gases for medical practice. Davy joined the Institution in October 1798; this date emphasizes the very rapid progress in the discovery of the respiratory gases. To recap, Joseph Black had discovered carbon dioxide in 1756 and this was soon followed by the work of Joseph Priestley, Carl Wilhelm Scheele, Antoine-Laurent Lavoisier, and Henry Cavendish, who together not only discovered oxygen but clearly elucidated the roles of oxygen, carbon dioxide, and nitrogen in respiration. So in the space of just 42 years these critically important gases were discovered and understood, and it was argued that now the time had come to investigate their use in medical practice.
The Pneumatic Institution was the brainchild of Thomas Beddoes (1760 -1808) (Fig. 2 ). This colorful man had studied under Joseph Black in Edinburgh and then continued his work in London and Oxford. As a reader in chemistry at Oxford his lectures were extremely popular. In fact he claimed that the classes were the largest assembled in the university since the 13th century! Georgiana, Duchess of Devonshire, visited Beddoes in his laboratory in Bristol where he had started to study the possible medical uses of respiratory gases. She suggested that he should replace the laboratory with a medical pneumatic institution. She tried to persuade the eminent Sir Joseph Banks to give financial support, but he declined partly because of scientific concerns and partly because he objected to Beddoes' support of the French revolution. Beddoes corresponded with Priestley and the physician Erasmus Darwin (1731-1802) and was also familiar with the Wedgwoods and other members of the Lunar Society in Birmingham. A grateful patient gave him £1,500, and Thomas Wedgwood added £1,000 with the rather cynical note "that it was worthwhile expending the sum subscribed in order to assure us that elastic fluids would not be serviceable as medicine" (15) .
James Watt (1738 -1819), famous for his work on the development of the steam engine, was also interested because his son had pulmonary tuberculosis and he thought that the new gases might be helpful in his cure. As a result, Watt built a portable gas chamber for some of the experiments. The Institution was set up in Dowry Square, Bristol (Fig. 3 ) and by April 1800 had several inpatients and some 80 outpatients (8 Davy was soon working hard in the laboratory. One of his first interests was the oxides of nitrogen. Here he took considerable risks because one of the gases he inhaled was nitric oxide, which, because of its combination with water to form nitrous and then nitric acid, was potentially very dangerous. However, he soon began experiments with nitrous oxide (N 2 O), which had previously been prepared by Priestley. His initial experiments were done by adding nitric acid to zinc but later he found that he could prepare pure nitrous oxide by heating ammonium nitrate.
In April 1799 he rebreathed four quarts of the gas from a silk bag with his nose closed and reported "a sensation analogous to gentle pressure on all the muscles, attended by a highly pleasurable thrilling, particularly in the chest and extremities . . . Towards the last inspirations the thrilling increased, the sense of muscular power became greater, and at last an irresistible propensity to action was indulged in" (3) (p. 458). In recovering from a period of inhaling the gas he stated "My emotions were enthusiastic and sublime; and for a minute I walked about the room perfectly regardless of what was being said to me . . . I exclaimed . . . Nothing exists but thoughts! -the universe is composed of impressions, ideas, pleasures and pains" (3) (p. 488 -489). In another experiment he noted the following "by degrees as the pleasurable sensations increased, I lost all connection with external things, traces of vivid images rapidly passed through my mind and were connected with words in such a manner as to produce perceptions perfectly novel" (3) (p. 488). These reactions have much in common with the poetry of the Romantic Movement.
Davy's reports created considerable interest among his friends and more than 20 of them were keen to try the effects of breathing his new gas. For example, the poet Robert Southey reported that breathing the gas "excites all possible mental and muscular energy and induces almost a delirium of pleasurable sensations without any subsequent dejection" (13). Davy's friend, Samuel Taylor Coleridge, an eminent poet of the Romantic Movement, inhaled the gas and commented on the subsequent euphoria. He reported that while he was inhaling the gas "towards the last, I could not avoid, nor indeed felt any wish to avoid, beating the ground with my feet; and after the mouth-piece was removed, I remained for a few seconds motionless, in great extacy [sic]" (3) (p. 517).
Coleridge and Wordsworth produced a book titled "Lyrical Ballads, with a few other poems," the first poem being Coleridge's "Rime of the Ancient Mariner." In the preface to the book Wordsworth wrote "The first volume of these poems has already been submitted . . . to ascertain, how far, by fitting to metrical arrangement a selection of the real language of men in a state of vivid sensation, that sort of pleasure and that quality of pleasure may be imparted . . ." (19) . This suggests that nitrous oxide may have played a part. Certainly Coleridge also had an addiction to opium.
Davy also made another remarkable finding. In reviewing his experiments, he included the following perceptive statement: "As nitrous oxide in its extensive operation appears capable of destroying physical pain, it may probably be used with advantage during surgical operations in which no great effusion of blood takes place" (3) (p. 556). Further experiments were conducted and in one of these while he was suffering from severe toothache he stated that the "uneasiness was for a few minutes swallowed up in pleasure" but the pain returned when he ceased breathing the gas (3) (p. 465). Therefore Davy was close to recognizing that inhaled nitrous oxide could be valuable for anesthesia. However, the gas was not used as an anesthetic until 1844 by the American Horace Wells (1815-1848).
Davy followed up his initial observations on nitrous oxide with an extensive research program. He studied its effects on a series of animals and measured its absorption by blood in a test tube. Of special interest to us today is that, to interpret some of the results he obtained by rebreathing the gas from a bag, he realized that he needed to know the volume of the lungs at the end of a forced expiration, that is, the residual volume. He therefore measured this by rebreathing hydrogen, which he believed was not absorbed by the blood, and reported his residual volume as 41 cubic inches. This is equivalent to about 0.72 liters and must have been an underestimate since the normal value is at least double that. Nevertheless Davy can be credited with making the first measurement of residual volume. The next measurement was by the French physiologist Nestor Gréhant (1838 -1910). The same principle is used today in the helium dilution method for measuring lung volumes. Davy's results of his work at this time were published in full (3).
As indicated earlier, the reason for setting up the Pneumatic Institution was to determine whether the newly discovered respiratory gases were useful for medical treatment. Unfortunately this was found to be a blind alley. Davy wrote "Pneumatic chemistry in its application to medicine, is an art in infancy, weak, almost useless. . . ." There was an apparent success when a patient with palsy, that is a disease causing muscular weakness, was treated with nitrous oxide and appeared to recover. However, later this success was shown to be a delusion because the recovery was not the effect of nitrous oxide but rather simply resulted from the attentions of Davy and his colleagues. Toward the end of his period at the Pneumatic Institution, Davy's research took a new turn that later resulted in some of his most important chemical discoveries. In 1818, the Italian physicist Alessandro Volta (1745-1827) invented the electric battery, known initially as a voltaic pile. This consisted of plates of zinc and copper separated by an electrolyte that was either dilute sulfuric acid or salt water brine. The discovery was quickly taken up by other scientists including Davy. He found that using zinc and silver plates with sulfuric acid produced a more powerful battery. However, a critical change in Davy's career occurred at this time that delayed his further experiments with electrochemistry: in January of 1801 he was offered a post at the newly formed Royal Institution in London by Count Rumford and he accepted the offer.
The Royal Institution
Just as the Pneumatic Institution had been the brainchild of the somewhat eccentric Thomas Beddoes, so the Royal Institution came about as the result of the activities of just as colorful an entrepreneur, Sir Benjamin Thompson, also known as Count Rumford (1753-1814) (Fig. 4) . Rumford was born in Massachusetts and fought on the British side during the American Revolutionary War. At the conclusion of this he moved to London where he had an appointment in the Colonial Office. While there he worked on improvements of guns and was made a Fellow of the Royal Society. He then returned to America for a while and received a knighthood. However, in 1784 he moved to Bavaria, where he was both a soldier and administrator, and he carried out research on the nature of heat, which was to become his principal scientific interest. While he was there he was made a Count of the Holy Roman Empire.
When Rumford returned to London in 1798 he developed proposals for an institution that had two main purposes. The first was to increase public awareness of new scientific discoveries, and the second was to facilitate the application of scientific knowledge to the improvement of manufacturing. The official proposal stated that the organization would be an "institution for diffusing the knowledge, and facilitating the general introduction, of useful mechanical inventions and improvements; and for teaching, by courses of philosophical lectures and experiments, the application of science to the common purposes of life" (1) . This was to be done by setting up an exhibition of improvements in industry, and by lectures at the new institution aimed at both the public and entrepreneurs in industry.
A committee of managers was formed and they held a meeting in the home of Sir Joseph Banks. This is interesting because, as mentioned earlier, Banks declined to support the Pneumatic Institution. Fifty-eight prominent citizens agreed to contribute 50 guineas each, a substantial amount of money at the time. A property in Albemarle Street off Piccadilly was purchased and indeed this remains the home of the Royal Institution today (Fig. 5) . Incidentally, the full name is the Royal Institution of Great Britain.
The first professor at the Institution was a Dr. Garnett, but, although he had initial success as a lecturer, a replacement was soon sought. Davy was recommended and was appointed in February 1801. His first lecture was an outstanding success and a published report included the following: "The audience were highly gratified and testified their satisfaction by loud applause. Mr. Davy, who appears to be very young, acquitted himself admirably well. From the sparkling intelligence of his eye, his animated manner, and the tout ensemble, we have no doubt of his attaining distinguished excellence" (16) . The lectures were so popular that Albemarle Street was made one-way at the time of the lectures, the first street in London to have this distinction.
Davy's first lecture was on electrochemistry or "galvanism," his most recent interest. This was a great success and soon his audience numbered nearly 500 people. Davy was only 23 and handsome, and his popularity was apparently particularly high among the ladies. Two years later he was elected a Fellow of the Royal Society and later he would become its president.
Davy had plans to continue his electrochemical research in the laboratory of the Royal Institution but the managers wanted him to work on more practical issues. They decided that he should give a series of lectures on the chemistry of tanning, which was a very important industry at the time. As a result, Davy spent several months visiting tanneries and investigating the chemistry of the process. It seems strange in retrospect that the managers would take this tack when Davy's original lectures were so popular. Indeed after a period, the emphasis of the Institution on the improvement of arts and manufactures declined, and Davy was able to return to his original research interests and continue his brilliant lectures. Incidentally, these were critically important for the health of the new Institution, which found itself in some financial difficulties. The enormous audiences that Davy attracted put the Institution on a sound financial footing. The Institution today combines outstanding, interesting lectures with serious science, although from time to time some supporters have questioned whether the atmosphere sometimes becomes too popular or fashionable.
One of the best known events at the Royal Institution are the Christmas lectures for children. A particularly interesting one was given in 1848 by Michael Faraday, Davy's successor (see Later Years and Michael Faraday below). He described the chemistry of a burning candle and drew an analogy between that and tissue metabolism, as had Lavoisier some time before. This lecture influenced the author Charles Dickens. In his novel Bleak House, Dickens described an illiterate collector of odds and ends called Krook who was a prodigious drinker of gin, who died of spontaneous combustion! This provoked an immediate violent objection from the physiologist George Henry Lewes (1813-1878), who complained that the "circumstances are beyond the limits of acceptable fiction and give credence to a scientific impossibility." Dickens countered with other alleged examples of the phenomenon, and the controversy continued for some time (18) . Lewes was a well-known physiologist. He wrote a book (11) that influenced Ivan Pavlov (1849 -1936) of conditioned reflexes fame, and he was a founding member of the [British] Physiological Society.
The main public lectures at the Royal Institution are the so-called Friday Evening Discourses. These have taken place for over 200 years; the setting is elegant with a string quartet playing during preliminary drinks and the audience wearing evening dress (black tie). There are some amusing quirks. For example the lecturer is closeted in a locked room for a period before the talk, allegedly because one of the speakers became so apprehensive that he absconded. Another oddity is that, on the stroke of 8 o'clock, the door of the lecture theatre suddenly opens and the speaker walks to the rostrum and immediately launches into his topic without any pleasantries such as "Good evening." Finally, at the stroke of 9 o'clock the lecturer is supposed to finish abruptly and immediately withdraw from the theatre. The author can talk from first experience because he had the pleasure of giving one of these discourses.
Further Chemical Researches
This essay concentrates on Davy's work relevant to respiratory physiology, particularly his research on various gases in the Pneumatic Institution, including his studies of nitrous oxide and lung volume. However, Davy made many important advances in chemistry including the discovery of several new elements; these will be briefly discussed.
Davy exploited the newly discovered phenomenon of galvanism or electrochemistry with great enthusiasm and success. He believed that electricity was an instrument that could elucidate the composition of various substances. He stated ". . . substances that combine chemically . . . exhibit opposite states . . . they might, according to the principles laid down . . . attract each other in consequence of their electrical powers" (4) . Early on he found that, using his electrical apparatus, he could decompose water into hydrogen and oxygen and he showed that they were in the correct proportions.
One of his great successes occurred in October 1807 when he applied his new technique to an aqueous solution of caustic potash (potassium hydroxide). First he found that the water was split into hydrogen and oxygen. But then he studied the solid residue and found that small globules of it were attracted to the negative pole of his equipment and burst into flame. After discussion with others he realized that this substance was a metal which he named "potasium" (after potash) and later was called potassium. He had discovered a new element.
He continued using the same techniques to study other solutions. For example, when he substituted sodium hydroxide for potassium hydroxide, he was able to produce sodium, another new element. He went on to discover calcium using similar techniques on a mixture of mercuric oxide and lime. Then, following a lead made by others, he applied his electrolysis to a mixture of lime in mercury and succeeded in isolating calcium. In later experiments he was the first to prepare magnesium, boron, and barium. This was an extraordinary list of successes in the early isolation of elements, particularly in the alkaline earths.
Another interesting discovery by Davy was the properties of chlorine. This had previously been discovered by Carl Wilhelm Scheele in 1774, but Davy's contribution was to show that the acid of chlorine (hydrochloric acid) contained no oxygen. This was an important advance because Lavoisier had previously argued that acids had oxygen as an essential component. In fact Lavoisier's word for oxygen was "oxygène" meaning acidproducer. Thus Davy's discovery overturned this central tenet of Lavoisier's system. It was Davy who gave chlorine its name.
Davy's extraordinary successes were soon universally recognized and he was selected as the prestigious Bakerian Lecturer of the Royal Society. His subject was "On the relations of electrical and chemical changes." This and subsequent lectures assured Davy's place as one of the most eminent scientists of the day. He had made extraordinarily rapid progress from the early days of the Pneumatic Institution and the Royal Institution.
Davy Safety Lamp
In 1815 Davy was on holiday in Scotland when he received a letter asking him to investigate the cause of explosions in coal mines. One of the most important mine disasters had been that in the Felling Colliery near Newcastle in the north of England in 1812, as a result of which 92 men and boys lost their lives. On the way back to London, Davy stopped in Newcastle to obtain more information, and when he arrived in London he set about determining the nature of the gas that was responsible for the explosions. This had been thought to be hydrogen by some people but Davy recognized that it was methane. Further research showed that methane in air would only explode at a high temperature, so Davy experimented with various designs of lamps where the gases were cooled as they entered. For example, he found that if a mixture of methane and air was passed through a metal tube of internal diameter of 1/8 of an inch or less, it would not explode, presumably because of the cooling provided by the wall. His final design was a flame that was contained inside a cylinder of wire gauze, and later this was given the name of the Davy Safety Lamp. Sir Joseph Banks wrote him a highly congratulatory letter which included the words ". . . I am of the opinion that the solid & effective reputation of that body [the Royal Society] will be more advanced among our contemporaries of all ranks by your present discovery than it has been by all the past" (2).
George Stephenson (1781-1848) also developed a similar lamp and there was an unpleasant dispute about priority. However, Davy was awarded the Rumford Medal of the Royal Society. When Banks died in 1820, Davy was the obvious candidate to succeed him as President of the Royal Society. He had risen to the pinnacle of success in British science.
Later Years and Michael Faraday
Historians generally agree that Davy's reputation declined after 1820. The character of the Royal Society was changing from something of a club for well-connected gentlemen with an interest in science to a more professional and academic organization. Davy apparently found it difficult to navigate through the various resulting disputes. Banks, who was a prominent member of the aristocracy, was a difficult man to follow, particularly since Davy had humble upbringings. In addition, Davy's health declined and his scientific insight that had initially been so perceptive now showed signs of deterioration.
An important relationship was that between Davy and Michael Faraday (1791-1867). Faraday was born in what is now south London, of a poor family. His father had been a village blacksmith and Michael was largely self-educated. At the age of 14 he became an apprentice to a bookseller and he used this opportunity to educate himself. He developed a particular interest in science with an emphasis on chemistry and electricity.
At the end of his apprenticeship at the age of 20, Faraday was able to attend Davy's lectures at the Royal Society. Tickets were needed to go to these, but a friend of Faraday's made them available. Davy's lectures inspired Faraday to such an extent that the latter wrote a 300-page book based on notes that he had taken at the lectures. He sent this to Davy, who was understandably impressed, and the result was that he employed Faraday as a secretary. Later an opening occurred in Davy's laboratory and this allowed Faraday to be appointed as chemical assistant at the Royal Institution. Nevertheless his humble beginnings were always evident at the Institution, which was attended mainly by people from high society, and in particular Davy's wife sometimes emphasized these.
Faraday went on to become the most illustrious scientist in Britain at the time and he received numerous awards. His main contributions were in the field of electricity and included two major discoveries. The first was the property of electricity to cause movement of a conductor in a magnetic field, and this was done in an experiment known as electromagnetic rotation. A pool of mercury had a permanent magnet placed upright in the center, and a wire was dipped into the pool near the magnet. When a current was passed through the wire, it rotated around the magnet. Faraday was ecstatic when he first observed this, and we can still share his excitement when we read about the experiment (7). This discovery eventually resulted in the development of the electric motor.
The other major discovery was that when a coil of wire was wound around part of an iron ring and a current was passed through it, a current was induced in another coil of wire around the same ring. This was the basis of the electrical transformer that ultimately made possible the distribution of electricity. It could be argued that Faraday was responsible for the industrial use of electricity, which until his time had only been seen as an interesting laboratory phenomenon. Another invention well known to electrophysiologists is the Faraday cage. This is a container made of a conducting material that acts as an electromagnetic shield. At one stage Davy is said to have stated that Faraday was his greatest discovery, but later there were charges of plagiarism and the two great scientists fell out. Part of the problem was the tension that so often develops between a teacher and his student when the latter becomes so successful that he outshines his former mentor.
When Davy was 48 years old he had a stroke and subsequently did little scientific work. His writings included a book on fly-fishing, which was one of his favorite recreations, and he also wrote his general reflections on science in a book "Consolations in Travel" that was popular for many years (5) . He traveled in Europe on several occasions and died in Geneva, where he is buried. There is a memorial tablet in Westminster Abbey.
In conclusion, Davy has a special place in the history of respiratory physiology, particularly that of the respiratory gases. The Pneumatic Institution can be regarded as the coming of age of the respiratory gases in that one of the main reasons for its formation was to determine the value of the newly discovered gases in medical practice. His work on nitrous oxide is exploited daily in general anesthesia. He was a very productive chemist and discovered many elements, particularly in the alkaline earth series. He was a brilliant lecturer and as president of the Royal Society rose to the top of his profession. His later years were sad, but he had the distinction of promoting Michael Faraday, one of the greatest British scientists of all time.
